The mammalian kidney develops through repetitive and reciprocal interactions between the ureteric bud and the metanephric mesenchyme to give rise to the entire collecting system and the nephrons, respectively. Most of our knowledge of the developmental regulators driving this process has been gained from the study of gene expression and functional genetics in mice and other animal models. In order to shed light on human kidney development, we have used singlecell transcriptomics to characterize gene expression in different cell population, and to study individual cell dynamics and lineage trajectories during development. Single cell transcriptome analyses of 3,865 cells identified 17 clusters of specific cell types as defined by their gene expression profile, including markers of ureteric bud tip-and metanephric mesenchyme-specific progenitors, as well as their intermediate and differentiated lineages including the mature collecting ducts, the renal vesicle and comma-and s-shaped bodies, immature and mature podocytes, proximal tubules, loops of Henle and distal tubules. Other lineages identified include mesangium and cortical and medullary interstitium, endothelial and immune cells as well as hematopoietic cells. Novel markers for these cell types were revealed in the analysis as well as components of key signaling pathways driving renal development in animal models. Altogether, we provide a comprehensive and dynamic gene expression array of the human developing kidney at the single-cell level.
Ret, the co-receptor Gfra1 and their downstream transcription factors Etv4 and Etv5. This signaling cascade is critical for UB outgrowth and branching (Cacalano et al., 1998; Lu et al., 2009; Pachnis et al., 1993; Pichel et al., 1996; Schuchardt et al., 1994) . Wnt9a expressed by the stalk of the UB induces Wnt4 expression in the early nephron, and canonical wnt signaling regulates the balance between self-renewal and differentiation of nephron progenitors (Carroll et al., 2005; Park et al., 2007) . On the other hand, Wnt5a mediates non-canonical wnt signaling that ensures proper positioning of the Metanephric Mesenchyme (MM) and UB outgrowth (Huang et al., 2014; Pietila et al., 2016; Yun and Perantoni, 2017) . Fibroblast Growth Factors (Fgfs) and their receptors are also required for kidney development. Fgfr2 is required for UB branching (Zhao et al., 2004) , Fgf9 and Fgf20 regulate nephron progenitor self-renewal (Barak et al., 2012) and Fgf8 is required for progression of nephrogenesis from the renal vesicle (Grieshammer et al., 2005; Perantoni et al., 2005) . In addition, Notch signaling promotes further differentiation into proximal and distal segments of the nephron (Cheng et al., 2007; Surendran et al., 2010) , directs differentiation of nephron progenitors (Boyle et al., 2011) and drives specification of stromal cells into mesangium (Boyle et al., 2014) .
Our knowledge of the lineage relationships between the renal cell types and these regulatory pathways driving renal morphogenesis and differentiation arise primarily from the study of mouse models. While the murine and the human kidney seem to share a common developmental pattern, they also present anatomical, physiological and pathophysiological differences, as well as significant differences in gene expression (O'Brien et al., 2016) , suggesting that significant new information can be gained by directly studying human kidney development.
The complexity of the developing human kidney, with over a dozen different mature cell types and in the process of differentiating in parallel, has precluded a systematic analysis of its expression profile. In this context, single-cell transcriptomics provides a unique tool to analyze individual cell types from progenitors to differentiated cells as well as their intermediate transitional states.
We have used DropSeq to perform single cell sequencing on 3,865 cells from 3 developing human kidneys and identified 17 distinct cell populations based on their expression profile.
These populations include progenitors, immature and mature renal cell types and proliferating cells. We further identify new markers for specific cell types in the developing human kidney, and we use computational approaches to infer cell lineage trajectories and interrogate the complex network of signaling pathways and cellular transitions during development. Fig. 1D) , we have assigned cell identity to 17 of these cell clusters. Using pre-defined anchor genes cells were assigned an identity based on expression of genes in single cells (Fig. 1C , Sup. Table 1 ) that are predicted to be expressed in specific cell types based on prior literature (Table 1 ). We have also performed lineage trajectory analysis, which uses an unbiased computational approach to infer lineage relationships to distinguish between progenitor cell types ( Fig. 1D ). Both analyses demonstrate that differentiated cell types are located in the periphery of the cluster plot ( Fig. 1B ) and trajectory plot ( Fig. 1D ) while progenitor cells lie inside the plots. Based on these analyses, the identities of the 17 clusters are as follows: Clusters 14, 15 and 17 are well-defined, compact and isolated clusters that correspond to endothelial, immune and red blood cells respectively. Also in the periphery but not as neatly isolated are clusters 5 and 10 that correspond to cortical and medullary interstitial cells respectively; the more mature medullary interstitium is located towards the periphery. Clusters 9 and 13 also correspond to the immature and more mature podocyte populations respectively. Cluster 8 includes loops of Henle as well as distal tubule cells. Clusters 4 and 18 correspond to the developing and mature collecting duct epithelia respectively and cluster 6 includes proximal tubule cells. The center of the cluster plot is also populated by progenitor and proliferating cells.
RESULTS
The cap mesenchyme that contains the nephron progenitor cells belongs to cluster 1 while cluster 2 is a less compacted cluster that corresponds to the intermediate stages, ranging from pre-tubular aggregate to s-shaped body. This cluster overlaps to some extent with neighboring clusters for the more mature cell types like proximal, distal, Henle's loop and even immature podocytes, confirming their lineage relationship. Proliferating cells cluster in 3 different groups: 3, 7 and 11. While cells in all three of these clusters express proliferation genes like MKI67, they likely represent different stages of cell division; CKD1 controls cell division during mitosis and is expressed by cells in cluster 7, while cells in cluster 11 express CKD2 and CKD4 that are expressed during the S/G2 phase of cell division. Most interestingly, cells in cluster 16 express UB tip specific genes but sit directly adjacent to the proliferating cluster 3 rather than the mature and immature collecting duct clusters (18 and 4 respectively). Cluster location, together with the expression of proliferating genes, suggests that cells in cluster 16 correspond to proliferative UB tip cells. Cluster 0 has not been assigned an identity and includes those cells that express housekeeping genes but don't express enough cell-type specific genes. These cells could be damaged or have lower reads during sequencing and not enough information was retrieved to assign them to a cluster. Similarly, cluster 12 has not been assigned an identity and is a relatively loose cluster positioned between the cap mesenchyme cells, proliferating cells and developing epithelia; while they likely represent an intermediate population, the small number and power of the highly variable genes identified in this cluster (Sup. Table 1 ) precludes assigning a specific identity with confidence. All together, our approach identifies cell populations that are consistent with the major renal mature cell types, their progenitors, as well as intermediate stages of differentiation.
Analysis of cluster-specific gene expression identifies novel marker genes
The identity of each cluster is assigned based on known gene expression patterns either in human or in mouse developing kidneys (Table 1) ; however, new markers for these clusters are also revealed by the analysis. Cluster 1 corresponds to the nephrogenic mesenchyme and is characterized by the expression of ITGA8, EYA1 and TMEM100 among other genes (Muller et al., 1997; Rumballe et al., 2011; Xu et al., 1999 and sup. fig. 1 ). Cluster 1 also expressed two genes that have not been previously associated with nephrogenic mesenchyme, ELAVL4
(ELAV like RNA binding protein 4) and ECEL1 (endothelin converting enzyme like 1) (Sup. Fig.   2 ). In addition, we detected strong expression of COL2A1, which is a well-established chondrocyte marker (Ng et al., 1993) and ETV1 (ETS translocation variant 1) in the nephrogenic mesenchyme. The expression of ETV1 in the developing human kidney is in contrast with previous data from embryonic mouse kidney where Etv1 expression was not detected (Lu et al., 2009 ). COL2A1 is expressed in the developing mouse kidney (Wada et al., 1997) but its cell specificity and functional role remain to be elucidated. The specific expression of these two genes in the nephrogenic mesenchyme of human developing kidneys suggests a possible novel role in nephron induction and/or differentiation. In the collecting duct (Cluster 4), the genes most significantly defining the cluster were GATA3 and Branched Chain Aminotransferase 1 (BCAT1) (Sup. Table 1 ). While BCAT1 has not been studied in the kidney nor its expression reported, it has been recently shown to regulate early liver bud growth in the developing mice and in human embryonic stem cell derived liver organoids (Koike et al., 2017) . Specific to the immature podocytes (Cluster 9) we find the expression of Olfactomedin 3 (OLFM3) (Fig. 3C ). The function of OLFM3 has not been elucidated but it has been suggested to be involved in cell adhesion (Hillier and Vacquier, 2003) . On the other hand, mature podocytes (Cluster 13) show specific expression of Netrin G1 (NTNG1) (Sup . Table 1 ), a member of the Netrin family. Netrins are extracellular, laminin-related proteins that provide guidance for migrating cells and NTNG1 is a membrane-tethered glycophosphatidylinositol (GPI)-linked Netrin (Lai Wing Sun et al., 2011) .
Expression of NTNG1 has been reported in the adult human kidney by Northern blot and semiquantitative PCR (Meerabux et al., 2005) but its specific podocyte expression in the developing kidney has not been reported. These are just a few examples of the novel clusterspecific genes identified by our single-cell transcriptomics analysis, that open new avenues to further our understanding of human kidney development. Additional studies will be required to characterize the role of these expressed genes, and to determine their functional relevance, possibly through the use of cultured human tissue, or via human renal organogenesis.
Specification of renal cell lineages is conserved in the human kidney
Conventional genetic lineage tracing cannot be performed on human tissues for obvious reasons. In mice, genetic studies have identified the tips of the UB as the progenitors of the entire renal collecting system Riccio et al., 2016; Shakya et al., 2005) and the cap mesenchyme as the progenitor for the nephron epithelia (Cebrian et al., 2014; Kobayashi et al., 2008; Mugford et al., 2008) . In a similar fashion, the cortical stroma contains the progenitors of the renal stroma although some endothelial cells arise from extra-renal contribution (Das et al., 2013) . Our results from cluster analysis and from trajectory analysis indicate the transition in gene expression from progenitor populations to differentiated ones (Fig. 1D ). This analysis identifies 5 different cellular trajectories. The UB lineage is separated from the mesenchymepodocyte and mesenchyme-tubular segments, reflecting our understanding of the developmental origins of these tissues in mice. Proximal and distal tubules as well as the podocyte trajectory originate from the mesenchymal progenitor cell segment. The stromal or interstitial population is also separate from the UB and the mesenchymal lineages but it is in close proximity to the latter reflecting the overlapping expression of genes common to both mesenchymal progenitors and stroma, such as ITGA8, NR2F1 and NR2F2. In most cases, progenitor and differentiated clusters remain together, with undifferentiated populations positioned more central in the tSNE plot ( Fig. 1B) . Three very clear examples are the interstitial cells, the podocytes and the collecting system. In the case of interstitial cells, cluster 10 contains the differentiated, medullary interstitium characterized by the expression of MCAM, Tenascin (TNC) and Decorin (DCN) ( Fig. 2A , C and E). The cortical interstitial cells in cluster 5 on the other hand have strong ACTA2, MCAM and TNC expression ( Fig. 2A, B and E). In mice, MCAM is critical for kidney vasculature development and it is expressed in interstitial cells that differentiate into PECAM-expressing endothelial cells (Halt et al., 2016) . Interestingly, several MCAM expressing cells are located in the cortical stroma (cluster 5) as well as in the endothelial cluster (cluster 14) ( Fig. 2E and F) , supporting the notion that MCAM-expressing cells differentiate into PECAM-expressing cells in the human developing kidney. Collagens are also prominently expressed in interstitial cells and both cluster 5 and cluster 10 express a plethora of collagen genes (Fig. 2D ). Some collagens are more prominently expressed in each of the clusters; specifically, cells in cluster 5 express COL12A1 while cells in cluster 10 express COL5A1, COL7A1, COL16A1, COL25A1 and COL27A1. Hence, our data suggests that the human interstitium transitions from a COL12A1+, ACTA2+, MCAM+ positive immature state to a Decorin positive, high Tenascin mature interstitium and PECAM+ endothelium.
In a similar fashion podocytes can be clustered into two cell populations, an immature one in cluster 9 characterized by the expression of PAX8, BMP7, OLFM3 and DSC2 and a mature population in cluster 13 that expresses high Synaptopodin (SYNPO) and Dendrin (DDN). Both clusters express known markers for podocytes including PODXL, Nephrin (NPHS1), Podocin (NPHS2), Nestin (NES) and MAGI2 among others. In cluster 9, PAX8 (Fig. 3A , A' and A''), BMP7 and DSC2 have been previously reported to stain immature podocytes (Garrod and Fleming, 1990; Kazama et al., 2008; Ohse et al., 2009 ) and OLFM3 (Fig. 3C ) is a new marker of developing podocytes. Exclusively in the mature podocyte cluster 13 we find podocyte-specific genes Dendrin (DDN) and PLA2R1 (Lindenmeyer et al., 2010; Patrakka et al., 2007) and the novel marker NetrinG1 (NTNG1). A number of PDZ domain proteins are expressed in the mature podocyte cluster (Fig. 3D ). Cluster 13 enrichment in PDZ domain proteins is consistent with a role for these proteins in establishing cell-cell contacts and the slit diaphragm characteristic of mature podocytes. Indeed, MAGI2, PDLIM2, MPP5, PARD3B and TJP1 are associated with cytoskeletal and barrier function in podocytes (Ihara et al., 2014; Itoh et al., 2014; Koehler et al., 2016; Lu et al., 2017; Sistani et al., 2011) . Our data suggest that several other PDZ domain proteins play a role in the establishment or maintenance of the slit diaphragm in mature human podocytes. This clear distinction between immature and mature podocytes could reflect a transition between pre-functional and functional filtering structures and the identification of novel markers for each of those populations provides additional tools in the study of podocyte function during development, in homeostasis and during renal disease.
Immature and mature collecting duct cells (clusters 4 and 18 respectively) sit adjacent to each other, with mature medullary cells expressing KRT7 and TACSTD2 (Tsukahara et al., 2011) and less mature cortical collecting duct cells expressing GATA3 and CALB1 (Fig. 1C) . The UB tip cells (cluster 16), progenitors of both immature and mature collecting ducts (clusters 4 and 18 respectively), do not cluster next to their progeny but away from it in between the proliferating cells clusters (Fig.1B) . This likely reflects the highly proliferative nature of these cells, and the possibility that the transcriptome of proliferative cells differs significantly from that of their progeny. Indeed, a correlation plot for clusters 3, 4, 16 and 18 reveals the proximity of the UB tip cells to the proliferating cells (Sup. Fig. 1B) . However, the UB tip cells appear in a continuum with the mature collecting duct cells in the trajectory analysis confirming their lineage relationship. The UB tip cluster cells express tip specific genes like SPRY1, SOX4 and ARL4C (Huang et al., 2013; Matsumoto et al., 2014; Zhang et al., 2001) but also proliferation specific genes like TOP2A, CENPF and BUB1B.
Pathways relevant to kidney development are present in the developing human kidney
Several signaling pathways drive renal organogenesis. Among them, Gdnf signaling via the receptor tyrosine kinase Ret and the co-receptor Gfra1 is critical for kidney development. Gdnf is expressed in the metanephric mesenchyme while UB tip cells express Ret and Gfra1 is expressed in both compartments (Ehrenfels et al., 1999; Golden et al., 1999; Pachnis et al., 1993) . We identify GDNF and GFRA1 expression in cluster 1 that contains the nephrogenic mesenchyme and GDNF expression is also shown in the progenitor segment of the trajectory analysis (Fig. 4C) ; RET is present in the collecting duct progenitors in the trajectory analysis as well as by immunofluorescence with RET specific antibodies on human embryonic kidney sections ( Fig.4A and A' ). RET is detected in the membrane of the cells at the tips of the branching UB, with some expression extending towards the trunk. Etv4 and Etv5 are downstream targets of Gdnf/Ret signaling (Lu et al., 2009 ) and drive UB branching in mice (Kuure et al., 2010; Lu et al., 2009; Riccio et al., 2016) . They are expressed at the tip of the UB and the developing nephrons. In the human developing kidney we can detect ETV4 transcription factor in the nucleus of the tip cells as well as in the early renal vesicles (Fig.4B) and both ETV4 and ETV5 are detected in the UB tips and early renal tubules in the trajectory analysis ( Fig.4B' and D). Hence, the presence in the human developing kidney of these genes critical for this signaling pathway, suggests that this pathway is likely critical for human kidney development.
The Notch signaling pathway is required for the differentiation of stromal cells into mesangium (Boyle et al., 2014) , and both NOTCH2 and NOTCH3 are expressed by cells in the cortical interstitial cluster 5. Cells in this cluster express the mesangial cell markers ACTA2, LGALS1
and PDGFRB suggesting that cluster 5 is composed of immature interstitial and mesangial cells.
On the other hand, cells in cluster 10, the medullary interstitium, express SFRP1, PRICKLE1, WNT5A and NKD1 suggesting that non-canonical WNT activity in the medullary interstitium drives planar cell polarity in neighboring epithelial cells. Surprisingly, WNT5A is the only WNT gene with significant expression in a single cluster (Sup. Fig.3 ). WNT4, WNT7B and WNT11 are present in a few cells but are not enriched in any given cluster. A similar expression pattern is observed for FGFs and their receptors. Both FGFR1 and FGFR2 are expressed in the developing human kidney, with stronger expression and wider distribution for FGFR1 (Sup. fig.   4 ) and without evident enrichment in any cluster. FGF7 shows clear enrichment in medullary and cortical stroma, in accordance with its reported expression in the developing kidney (Mason et al., 1994) , however very little expression is detected for FGF8-10. While the low expression of many of these genes may represent a divergence between mouse and human development, we cannot preclude the possibility that their expression is too low to be detected or that they escape detection with the methods used.
MATERIALS AND METHODS:

Single cell dissociation of human fetal kidney tissue using a cold active protease (Subtilisin)
All research utilizing human fetal tissue was approved by the University of Michigan institutional review board. Normal human fetal kidneys were obtained from the University of Washington Laboratory of Developmental Biology. All tissues were shipped overnight in Belzer's solution at 4 degrees Celsius and were processed immediately upon arrival to the laboratory. Single cell dissociation was performed using a cold active protease as described in Adam et al. (Adam et al., 2017) . One kidney was dissected in ice-cold PBS and finely minced in a petri dish on ice using razor blades. About 20 mg of tissue were added to 1 ml of cold active protease solution (PBS, 10 mg of Bacillus Licheniformis protease [Sigma, #P5380], 5 mM CaCl 2 , 20 U DNAse I [Roche, #4716728001]). The tissue was incubated in a 2 ml reaction tube for 15-20 min on a slow moving shaker (nutator) in a coldroom at 4°C with repeated trituration steps for 20 seconds every 5 minutes. Single cell dissociation was confirmed with a microscope. The dissociation was stopped with 1 ml ice cold PBS supplemented with 10% fetal bovine serum (FBS). Afterwards the cells were immediately pelleted at 300x g for 5 min at 4°C. Subsequently, the supernatant was discarded and cells were suspended in 2 ml PBS/10%FBS and pelleted again at 300x g for 5 min at 4°C. Then cells were suspended in PBS/0.01%BSA and pelleted again (300x g for 5 min at 4°C), suspended in 1 ml PBS/0.01%BSA, and passed through a 30 µM filter mesh (Miltenyi MACS smart strainer). Viability was then investigated with the Trypan-blue exclusion test and cell concentration was determined with a hemocytometer and adjusted to 200,000 cells/ml for Drop-seq. suspended in lysis buffer, were co-flown with a single cell suspension and a droplet generation mineral oil (QX200, Bio-Rad Laboratories). Resulting droplets were collected in a 50 ml tube and immediately disrupted after adding 30 ml high-salt saline-sodium citrate buffer (6xSSC) and 1 ml perfluorooctanol. Subsequently, captured mRNA's were reverse transcribed for 2 hours using 2,000 U of the Maxima H Minus Reverse Transcriptase (ThermoFisher) followed by an exonuclease treatment for 45 minutes to remove unextended primers. After two washing steps with 6xSSC buffer about 70,000 remaining beads (60% of input beads) were aliquoted (5,000 beads per 50 µl reaction) and PCR-amplified (5 cycles at 65˚C and 12 cycles at 67˚C annealing temperature). Aliquots of each PCR reaction were pooled and double-purified using 0.5x volume of Agencourt AMPure XP beads (# A63881, Beckman Coulter) and finally eluted in 10 µl EB buffer. Quality and quantity of the amplified cDNAs were analyzed on a BioAnalyzer High Sensitivity DNA Chip (Agilent Technologies, Santa Clara, CA). About 600 pg cDNA was fragmented and amplified (17 cycles) to generate a next-generation sequencing library by using the Nextera XT DNA sample preparation kit (Illumina). The libraries were purified, quantified (Agilent High sensitivity DNA chip), and then sequenced (paired end 26x115 bases) on the Illumina HiSeq2500 platform. Custom primer (5'-GCCTGTCCGCGGAAGCAGTGGTATCAACGCAGAGTAC-3') was used for the first sequence read to identify all different cell barcodes und unique molecular identifier (UMI) sequences.
Drop-seq
Bioinformatics analysis:
Studies have reported that low-coverage sequencing of single cells (~10,000 reads) is sufficient for unbiased classification of diverse cell types in heterogeneous tissue; finer sub-clusters requires moderately higher depths (~50,000 reads) (Pollen et al., 2014) , (Bacher and Kendziorski, 2016) , (Ntranos et al., 2016) . The quality of the fastq files from the sequencer were first checked using FastQC (v0.11.4) and trimming of the 3'reads were done in case of base sequence quality < 30. Next, using the tools embedded in Picard tools (picard-tools-1.115) and the DropSeq analysis pipeline developed by the McCarroll lab (http://mccarrolllab.com/dropseq/), the fastq files were processed and the data matrix table containing the gene expression of the barcoded cells was generated. Individual cells were labeled with barcodes, and transcripts within each cell were tagged with distinct UMIs (Unique Molecular Identifiers) in order to determine absolute transcript abundance. Based on the total number reads per barcode a cumulative distribution plot was generated; the deflection point in the plot indicates the number of barcoded cells to be used for further analysis. We combined the expression from three fetal kidney datasets for this study. Combination of statistical R packages (Diplyr, Matrix, Seurat, and SVA) was used for our downstream analyses. We removed from our analysis all cells with < 500 genes and also the cells in which the mitochondrial transcripts constituted more than 10% of the total transcripts counts. Transcript counts within each cell (each column in the data matrix) were then median normalized and the data matrix was batch corrected using Combat (Shekhar et al., 2016) . Next, we identified the highly variable genes across the single cells and performed principal component analysis using these genes.
Significant PCs were then used to for an unsupervised clustering of the cells. Differentially expressed cell-type markers for each cluster were determined using the embedded tobit model in the Seurat R package. The clusters were viewed in two -dimensional frame using tSNE clustering (Shekhar et al., 2016) .
Trajectory estimation from single-cell RNA-seq data
Single-cell RNA-seq data was normalized and log-transformed by R package Seurat. The transformed data was filtered by the following criteria: 1. Include only genes with detected expression in at least 3 cells. 2. Include only cells with at least 1000 genes detected and with less than 5% of total reads being mitochondria reads.
To remove technical variations, we regressed out number of genes expressed, percentage of mitochondria reads, and batch variables via a linear model. To control for confounding effects of cell cycle to trajectory estimation, we subtracted gene expression level of non-cell cycle genes by a baseline estimated using expression of only cell cycle genes. Specifically, we used a curated cell cycle gene list of 1946 genes from Barron and Li(Barron and Li, 2016) .; for each non-cell cycle gene, we fitted a ridge regression model to predict its log-transformed expression level from cell-cycle genes, using cv.glmnet function in R package glmnet. The regularization parameter was automatically selected based on 10-fold cross-validation. With the fitted models we computed the residuals of each non-cell cycle gene and use the residuals as input for trajectory analysis.
Trajectory analysis was performed with a method described in Zhou and Troyanskaya (manuscript in preparation) . To identify genes with significant expression change along the trajectory, for each trajectory segment of interest, we tested the significance of each gene by fitting a generalized additive model(GAM) with thin plate regression spline to predict expression level from the cell order in the trajectory segment using the gam function of R package mgcv.
The significance level of the gene is the significance level of cell order in the GAM model.
Immunofluorescence
Kidneys were fixed overnight in 4%PFA and processed for frozen sectioning and incubation as previously reported (Cebrian, 2012) . Thin 5-micron sections were incubated at 4C overnight with primary antibodies against the following epitopes: Decorin (R&D systems, AF143), ETV4 (Proteintech, 10684-1-AP), ACTA2 (Sigma, C6198), PAX8 (Proteintech, 10336-1-AP), RET (R&D, AF1485), Synaptopodin (Proteintech, 21064-1-AP) and TenascinC (R&D, MAB2138).
Alexa 488-conjugated secondary antibodies were purchased from Jackson ImmunoResearch and incubated at 37C for 3h. Imaging was performed on an Olympus IX71 inverted microscope or a Nikon A1 confocal microscope. Figure 2 . Human renal interstitium is divided into cortical and medullary clusters. A: Tenascin C protein is detected by immunofluorescence in both cortical and medullary areas of the human embryonic kidney. B: aSMA is present in the cortical stroma of the human developing kidney, in the glomerular mesangial cells and in perivascular cells. C: Immunofluorescence assay showing decori expression exclusively in the medullary interstitium. D: List of collagens and signaling molecules with differential expression between cortical and medullary interstitium. E: Subplots of endothelial and cortical and medullary interstitium. With a few exceptions PECAM1 expression is exclusive to the endothelial cluster while ACTA2 and Tenascin C are specific for the stroma. MCAM, a marker of developing endothelial cells is expressed in the cortical stromal cells as well as the endothelial cells. Each dot in the plot represents a single cell. Scale bar 100um. Figure 4: Gene expression in the human collecting duct. A, A': Expression of the receptor tyrosine kinase RET is detected at the tips of the human ureteric buds by immunofluorescence and by trajectory analysis. B, B': Immunofluorescence and trajectory analysis of ETV4, a downstream target of RET/GDNF signaling, that is also detected at the tips of the ureteric bud and in the developing renal tubules. C: Trajectory analysis of GDNF shows expression in the metanephric mesenchyme. D: Expression of ETV5 is detected in the UB tips and early nephrons by trajectory analysis. E: Gene expression heatmap for the collecting duct differentiation. Note RET expression in immature collecting duct cells (UB tip cells) and AQP2 expression in mature cells. Scale bar 100um.
